suggesting a conserved functional role such as membrane anchoring. The CRP1 70 repeat oligonucleotide hybridized to a stairstep of bands approximately 6 kb in size on HindIll-digested WBA6 DNA representing the expressed copy(ies) of CRPI 70. In contrast, there was no hybridization to a fragment of similar size in WB1269, suggesting that VB1269 trophozoites have lost the expressed copy of the CRP170 gene.
Giardia lamblia is a flagellated protozoan that parasitizes the small intestine of humans and other mammals and causes diarrhea that may be protracted in nature. The infection frequently resolves spontaneously without treatment, but only after weeks. Epidemiological and animal model data suggest that partial immunity develops after infection.
Much of the antibody response is directed against one or more of a set of cysteine-rich surface antigens (CRPs). These antigens are produced in large quantities by the organism and secreted into the growth medium (5, 23, 27) . When trophozoites are surface labeled with radioactive iodine, most of the label is incorporated into the same set of antigens (23, 27) . We have demonstrated that the antigens are variable not only among different isolates (27) but within single cloned isolates (2, 23) . The size of the repertoire of variant CRPs has been estimated at 20 to 184 (24) . Variation occurs spontaneously in vitro so that a particular antigen can be detected after approximately 12 generations in the WB isolate (24) . Whether a single trophozoite can express more than one type of CRP is not known. In the initial description of antigenic variation in G. lamblia, WB trophozoites expressing CRP170 were cloned by limiting dilution, and a monoclonal antibody (MAb 6E7 [22] ) was used to select antigenic variants from several cloned lines expressing CRP170 (23) . Several variants were selected from one of the clones expressing CRP170 (WBA6); one of these variants is WB1269, which expresses a 72-kDa CRP (CRP72).
We previously cloned a 1-kb fragment of the CRPJ 70 gene (M2-1) from a genomic library of the WB isolate by immunoscreening (2) . The M2-1 clone hybridized to multiple restriction fragments with considerable variability among different clones, suggesting rearrangement involving a multigene family, but did not show a change that correlated with * Corresponding author. loss of expression of CRP170. The sequence of the cloned fragment of the CRPI 70 gene was 12% cysteine and included the frequent occurrence of a CXXC motif. The 5' region of the cloned fragment included 2.6 copies of a 195-bp repeat.
In this present report, we present the sequences of CRP170 (from WBA6) and CRP72 (from WB1269) and demonstrate the loss of the expressed form of the CRP170 gene in WB1269 DNA.
MATERIALS AND METHODS
Source and growth of trophozoites. The WBA6 clone, expressing CRP170, and the WB1269 and WB1267 clones, expressing 72-and 64-kDa CRPs, have been previously described (23) . WB1269 and WB1267 were called #68 and #66, respectively, in Fig. 1 of reference 23 . WBA6 had initially been doubly cloned on soft agar and then was doubly cloned by limiting dilution. Antigenic variants were selected by incubation of WBA6 trophozoites with MAb 6E7, which is cytotoxic for trophozoites expressing CRP170, to deplete the culture of MAb 6E7-reactive trophozoites. The resultant variants, including WB1269 and WB1267, were then cloned by limiting dilution. The WB1269 trophozoites were passaged approximately 10 times before isolation of the RNA used for the cDNA library. In contrast, the trophozoites used for DNA and subsequent RNA preparations were passaged only two or three times after the initial cloning. Trophozoites were grown as previously described in modified TYI-S-33 medium (15) .
Nucleic acid isolation. Giardia trophozoite DNA was isolated as previously described (28) by lysis in sodium dodecyl sulfate (SDS) and proteinase K and cesium chloride ultracentrifugation. Total RNA was isolated by guanidinium isothiocyanate followed by guanidinium HCl treatment and ethanol precipitation (18) . Polyadenylated RNA was isolated by placing total RNA over an oligo(dT) column and subject-CRP GENE FAMILY OF G. LAMBLL4 1195 ing the preparation to ethanol precipitation (14) . Plasmid DNA was isolated by alkaline lysis (34) . Bacteriophage lambda DNA was prepared by using liquid lysate cultures and cesium chloride ultracentrifugation (34 The clones were sequenced in both directions, using restriction fragments subcloned into M13 mpl8 or mpl9 and using synthetic oligos. Sequencing gels containing 50% formamide were used to resolve GC-rich compression regions. Sequence analyses were performed by using the programs available on the GCG package of the University of Wisconsin (8) .
Primer extension and RNA sequencing. Primer extension was performed as described previously (34), using total RNA and end-labeled oligos. Oligo 986 was used as a primer for WBA6 RNA, and oligo 1063 was used for WB1269 RNA. RNA sequencing was performed by the chain termination method (11) sequence analysis revealed that six nucleotides at the 5' end of the clone (AAAAAA) diverged from the repeat. To obtain the 5' region of the CRP170 gene, a genomic library of BglIIdigested WBA6 DNA was screened with the repeat oligo, and 11 clones were obtained. The DNA sequence of the region 5' to the repeat was identical for all four clones which were analyzed, even though the clones differed at the 5' and 3' flanking regions (unpublished data). The RNA sequence obtained with oligo 986 was identical to the genomic sequences ( Fig. 1 ) and extended 5' from the oligo to the T of the first ATG in the transcribed portion of the genomic clone, followed by a doublet across all four lanes. Thus, the primer extension results suggested that the mature transcript began one nucleotide 5' to the first ATG. S1 nuclease protection mapping gave results similar to those of the primer extension experiments (data not shown). The extremely short 5' untranslated region has also been found in other G. lamblia transcripts (1, 16 (Fig. 1 ). Eight bases after the stop codon was the sequence AGTGAAT. AGTPuAA has been proposed as a polyadenylation signal in G. lamblia (31) and is followed by a pyrimidine in each of the reported sequences (1) . The polyadenylated tail began 22 (Fig. 1) . Assuming that the repeats were identical, the GC content of the coding region of the CRPI 70 gene was calculated to be 62%, and the molecular size of the translated protein was calculated to be 184,795 Da, in agreement with the observed migration on polyacrylamide gel electrophoresis, which predicts a size of 170 to 200 kDa.
The M2-1 clone includes a portion of the repeat region and extends to base 4638 in the downstream region (Fig. 2) (Fig. 3) . This finding suggested that the downstream regions of the CRP genes of G. lamblia were closely related to each other and provided a method of cloning the CRP72 gene from WB1269. Thus, the lambda cDNA library of WB1269 was screened by hybridizing plaque lifts with a HindIlI fragment from the downstream region of CRP170 and washing at moderate stringency (0.2x SSC, room temperature, 0.1% SDS). Nine clones were identified, and two were chosen for further analysis (CRP72-5 and CRP72-9). Neither CRP72-5 (1.4 kb) nor CRP72-9 (2.5 kb) contained the 5' or 3' end of the CRP72 gene. In fact, later sequence analysis suggested that CRP72-9 contained a portion of the CRP72 gene ligated to another fragment of DNA. The original cDNA library was rescreened, and three clones were obtained. The 2.1-kb clone chosen for further analysis (CRP72-3A2) hybridized to a 2.4-kb transcript from WB1269 but did not hybridize to WBA6 RNA (Fig. 3) . Of interest, the CRP72-3A2 clone did not hybridize to WB1269 RNA that was prepared at different times, except with prolonged exposure of the film, including samples prepared from trophozoites most closely descended from the original WB1269 clone. Thus, it is most likely that the trophozoites used for preparing the cDNA library had already shifted from one predominant antigen to another of a similar size.
The sequence of the CRP72-3A2 cDNA clone contained an open reading frame of 2,031 bases, extending from the 5' end of the clone to a stop codon near the 3' end (Fig. 4) . Primer extension analysis using an antisense oligo (oligo 1063) based on the 5' sequence of the CRP72-3A2 clone revealed that the mature transcript began 36 to 37 nucleotides 5' to the beginning of the CRP72-3A2 clone (data not shown). Although there is an in-frame ATG beginning at base 4 of the reported sequence, it is likely that it does not represent the start codon, since the 5' untranslated region of other G. lamblia transcripts are only one to six nucleotides in length (reviewed in reference 1). The sequence AGTG AAT began 8 bases, and the polyadenylated tail began 22 bases, after the stop codon. Again, the translated peptide was cysteine rich (11.8%) and contained 27 CXXC moieties. The GC content of the protein-coding portion of the gene was 55%, and the predicted molecular size of the translated peptide was 68,410 Da.
Sequence comparisons and consensus sequence. The CRP170 and CRP72 DNA and protein sequences were compared with each other and with the sequence of the previously described CRP gene from G. lamblia, TSA417 (12) , and the sequence of VSP1267 (from WB1267 [20] ) by using the GAP program (29) . The 40 C-terminal amino acids were nearly identical for the four sequences, demonstrating 98% (CRP170), 85% (CRP72), 92% (TSA417), and 92% (VSP1267) identity to the consensus sequence, STNKSGL STGAIAGISVAVVVVVGGLVGFLCWWFICRGKA.
Hydropathy plots (17) of CRP170 and CRP72 demonstrated a hydrophobic region of approximately 34 amino acid residues at the C-terminal end of the translated protein, consistent with a membrane-spanning domain. The remainder of the coding regions showed only 30 to 32% amino acid and 40 to 43% nucleotide identity. Despite the limited sequence alignment, the amino acid compositions of the translated sequences are remarkably similar for TSA417, VSP1267, CRP72, and the 3' region of CRP170, while the CRP170 repeat showed less similarity. In addition, the CXXC motif occurred frequently in each of the CRPs.
The protein translation of the CRP72 gene was compared against the NBRF data base, using the FASTA algorithm (30) . Regions of 20 to 30% identity along 58 to greater than 300 amino acids were identified for the epidermal growth factor (EGF) receptor sequence and several related sequences, including those for laminin, tumor necrosis factor receptor, and integrin. However, no similarity was found between CRP72 and the most highly conserved motifs of laminin and EGF (36) . For example, an alignment of the laminin, EGF, TGF1, and other related sequences includes a CXC motif which is not present in CRP72. Whether the similarity of CRP72 to these sequences is of biologic significance is unknown.
Genomic organization of the CRP gene family. Southern blots of WBA6 genomic DNA were probed successively with the CRP1704 clone and the CRP72-3A2 clones (Fig. 5) , demonstrating very similar patterns with BglII-digested DNA. The patterns were also similar when the two clones were used to probe DNA digested by EcoRI, HindIll, or BamHI (data not shown). In contrast, oligonucleotides from the CRP170 repeat and the 5' end of the 3A2 clone hybridized to a smaller number of fragments that were distinct from each other. Chromosomal DNA from WBA6, WB1269, and WB1267 was separated by PFGE, and the blot was probed with the CRP170-4 insert to determine the chromosomal location of the CRP170 gene (Fig. 6) . The CRP170-4 insert hybridized most intensely to chromosomal bands IV and V and more faintly to bands I/II and III, indicating that multiple copies of sequences closely related to CRPI 70 are present on multiple chromosomes. There were no significant differences between the clones expressing CRP170 and those expressing different CRP genes. The pattern was similar when CRP72-3A2 was used as a probe. In contrast, an oligo from the CRP170 repeat hybridized primarily to band IV and some-VOL. 12, 1992 on Loss of expression-linked copy(ies) of the CRP170 gene in WB1269. In each of the five genomic clones analyzed by restriction mapping, a HindIll site was located 1 kb upstream from the start codon (data not shown). The following Hindlll site is 500 nucleotides 5' to the stop codon. Therefore, the expressed form of CRP170 should be represented by a 6-kb HindIII fragment, containing all except the 3' end of CRP170. Thus, it is of considerable interest that the repeat oligo hybridizes to a stairstep set of bands approximately 6 kb in size on WBA6 while there is no hybridization to a fragment of comparable size on WB1269 (Fig. 7A ). Since it is theoretically possible that none of the five genomic clones represent the true gene but instead represent pseudogenes, the same experiment was performed by using DNA digested by ClaI and HindIII. These enzymes digest in the 5 ' and 3' regions of the open reading frame, respectively (Fig. 2) , and yield a 5-kb fragment comprising much of the coding region. The pattern at 5 kb was similar to the HindlIl digest at 6 kb (data not shown). The loss of expression of CRP170 in WB1269 appears to be associated with the loss of an expression-linked copy of the CRP170 gene and provides a potential mechanism for loss of expression of a variant surface antigen. However, similar analysis of other WB lines does not demonstrate a similar loss of a 6-kb HindIlI fragment (Fig. 7B) , suggesting that loss of expression of CRP170 occurred by different mechanisms in these organisms.
The stairstep pattern seen at 6 kb in WBA6 suggests that several fragments of CRP170 are present in the population, varying in the number of 195-bp repeats. Whether each trophozoite contains several copies of the CRP170 gene or whether the variable numbers of repeats represent a polymorphic population cannot be distinguished from the data. The slight variation in the size of the 6-kb HindIII fragments of the organisms represented in Fig. 7B We have also reported the sequence of a nearly full length cDNA for a CRP from an antigenic variant derived from WBA6. The CRP72 clones hybridized to the RNA used in construction of the library but not to other WB1269 RNA preparations. We believe that it is most likely that the WB1269 used for construction of the library had spontaneously changed from expression of the original CRP to another of similar size. This occurrence illustrates a problem in evaluation of antigenic variation in G. lamblia. The rapid rate of change (every 12 generations for the WB isolate [24] ) makes it nearly impossible to prove that one variant was derived from another with no intermediates and will make it difficult to determine the detailed method of change from one CRP to another. Nonetheless, the mechanism by which expression of the CRPs is lost or gained is an important question to be addressed.
Antigenic variation of a variant surface glycoprotein (VSG) in African trypanosomes occurs by a variety of mechanisms (9) . One mechanism by which expression of a VSG is lost involves the loss of a telomeric expressionlinked copy of a VSG gene. In G. lamblia, the loss of a 6-kb HindlIl fragment hybridizing to the CRP170 repeat in WB1269 suggests that loss of expression of CRP170 may have occurred by loss of an expression-linked copy(ies) of the gene. In a report describing the isolation of telomeric clones from the G. lamblia ISR isolate (which expresses CRP170), we demonstrated the telomeric location of rDNA genes. In contrast, the hybridization of the repeat oligo to BamHI-digested DNA was not sensitive to Bal3l (4 (6) and in experimentally infected humans (26) . The dedication of a substantial portion of a small genome to the CRP genes substantiates the importance of these proteins to the organism.
Proteins with high cysteine contents have also been identified in other protozoans. Entamoeba histolytica trophozoites contain a 170-kDa surface lectin of unknown function, which contains a large cysteine-rich (11%) domain (19, 37) .
The free-living ameba Paramecium primaurelia has a variable 240-kDa cysteine-rich (12%) surface protein (32) . Al- though an entire population can change from expression of one to another variant, the mechanism of varying expression and the function of the protein have not been determined (33) .
Comparison of the DNA and amino acid sequences of the CRPs of G. lamblia with emphasis on the conserved areas may provide clues regarding the function of these proteins. A comparison of the sequences of the CRP1 70 and CRP72 genes with each other and with the other CRP genes, TSA417 (12) and VSP1267 (21) , has revealed two notable features. First, the similar hydrophobic C termini suggest a conserved membrane-spanning domain. Second, the amino acid composition is remarkably constant despite limited sequence alignment outside the C-terminal region. Perhaps the similarity in amino acid composition reflects a conserved higher-order structure. The cysteine content is 11 to 12% and includes the frequent occurrence of the CXXC motif in each of the genes, implying an important role for the CXXC sequence. One potential role would be the ability to react with 02 and protect the trophozoite from it. Another possibility would be a receptor or enzymatic function. Regarding this possibility, the similarity of the amino acid sequence to sequences for receptor molecules such as laminin, EGF receptor, and a complement receptor are intriguing. However, the similarities are not concentrated in the areas that are considered to be functionally important; thus, it is possible that the similarity is statistically but not biologically significant. Further investigation will be required to determine the role of this family of variant CRPs in G. lamblia.
